Inelastic neutron scattering spectra of DNA-fibers are analyzed using ideas formulated recently in the field of the glass transition. The analysis reveals two temperatures, namely, Tϳ180-200 K and Tϳ230 K, at which the dynamics of DNA exhibits qualitative changes. The former is similar to the glass transition temperature, whereas the latter is similar to the crossover temperature recognized now as an important point for the dynamics of the glass transition. Exactly in this temperature range many other hydrated biopolymers show some dynamic transition and strong slowing down of their functions. The crossover temperature appears to be close to the crossover temperature of bulk water. A possible relation of the dynamic transition to functions of biomolecules and also to the dynamic transition in the hydration shell is discussed.
INTRODUCTION
One of the main characteristic of any system is its dynamic properties, i.e., the characteristic of atomic motion. Dynamic properties are especially important for biological molecules because the static structure, i.e., equilibrium positions of atoms, is a ''dead'' structure, ''life'' and functions are associated with molecular motions. It is evident that the dynamic properties of biomolecules strongly influence their functions. For example, blocking of conformational motion changes kinetics of chemical reactions drastically. Dynamics at the mesoscopic frequency scale ϳ1-1000 GHz usually reflects local conformational changes, i.e., jumps of atoms from one configuration to another, and collective vibrations.
Dynamics of biomolecules at this frequency range shows many similarities with dynamic spectra of glass forming liquids; there is a low-frequency vibrational mode, similar with the so-called boson peak in glasses; there is a fast anharmonic motion, similar with a fast picosecond relaxation in glasses. [1] [2] [3] [4] Moreover, there were attempts to identify some kind of the glass transition temperature T g , where one finds the onset of anharmonicity in the dynamics of biomolecules. One should note that even in conventional glasses T g is an ill-defined quantity. Usually it is defined as a temperature where characteristic structural relaxation time ␣ is ϳ10 2 -10 3 s. It appears also in many other properties of glasses, as a jump of specific heat, as an onset of anharmonicity in dynamic properties, in mean square displacements of atoms ͗x 2 ͘, etc. Similar behavior was also observed for different biomolecules. Already in the early eighties experiments on proteins using Mössbauer technique 5 demonstrated strong rise of ͗x 2 ͘ at temperatures above 170 K. Also inelastic and quasielastic neutron scattering measurements 1, 6 demonstrated onset of strong increase of ͗x 2 ͘ at temperatures 180-200 K. This behavior was interpreted as some kind of T g and, in particular, for myoglobin the analysis of ͗x 2 ͘ leads to estimate T g Ϸ200 K. 7 The glass transition like behavior has been observed also in macroscopic properties of proteins. For example, the thermal expansion coefficient and mechanical properties of amorphous protein films indicated the glass transition ͑strong change in the temperature depen-dence͒ at Tϭ150-170 K. 8 Also a weak jump in the specific heat of proteins indicated some kind of T g at 160-170 K. 9 Thus the value of T g estimated for hydrated proteins scatters in the range 160-200 K. It depends on the system under investigation and method used for the estimate. Usually methods that are sensitive to high frequency dynamics ͑like Mössbauer or neutron scattering spectroscopy͒ may give higher estimate of T g than analysis of macroscopic properties.
During the last decade, however, significant progress in understanding of the glass transition phenomenon was strongly stimulated by mode-coupling theory of the glass transition ͑MCT͒. 10 The theory analyses nonlinear feedback mechanism of relaxation in simple liquids and predicts an existence of another important temperature, some crossover temperature T c , where dynamics of the liquid should show qualitative changes. Investigations which use neutron-and light-scattering techniques and also dielectric spectroscopy demonstrated that the scenario suggested by MCT for the high temperature range describes reasonably well, at least on a qualitative level, spectra of different ionic, van der Waals, hydrogen-and even covalent-bonded systems. [11] [12] [13] [14] [15] [16] In all cases T c was found to be significantly higher than T g . It was also found that MCT predictions describes rather well dynamics of supercooled water and T c was estimated at ϳ220 K. 17 The latter is close to the well-known temperature of water singularities.
All these results clearly demonstrate that the glass tran-sition is not a monotonous process, some qualitative changes in the dynamics occur at temperatures considerably above the conventional glass transition temperature T g . Up to now these new ideas from the field of the glass transition were applied to analysis of the dynamics of myoglobin, 1,2 only. A reasonable agreement between the MCT predictions and neutron scattering data have been obtained. Estimation of T c gives a value ϳ200 K close to the temperature below which the myoglobin loses its biological function. 2 It is the main goal of the present contribution to analyze whether or not a similar crossover temperature shows up also in dynamics and relaxation processes of other biomolecules. We applied the MCT ideas to the analysis of the dynamics of DNA, a molecule that differs strongly from proteins. Nevertheless, a reasonable agreement with the MCT scenario is found also in this case and the estimate of T c gives a value ϳ230 K close to the crossover temperature of water. It is another goal of the paper to understand whether or not the crossover in dynamics of biomolecules is ultimately defined by T c of water. Some speculations about this crossover in the dynamics of biomolecules and its possible influence on their functions are discussed.
EXPERIMENT
The inelastic neutron scattering spectroscopy is a suitable tool for measurements of atomic motion because it measures density fluctuations directly. Due to the extremely large incoherent neutron scattering cross section of hydrogen ͑ϳ10 times larger than any other atom͒ neutron spectra of organic systems reflect mostly motions of H-atoms. However, it is believed that the motion of H-atoms at the low frequencies of interest here ͑р1 THz which is nearly 100 times lower than, e.g., stretching vibration of a C-H bond͒ follows collective vibrations of large molecular groups. We used neutron scattering data of oriented Li-DNA-fibers hydrated to 75% relative humidity with D 2 O, and thus corresponding to the B-form of DNA with ϳ15 water molecules per base-pair. Details of the sample preparation and measurements can be found in Refs. 4,18. Most of the data have been obtained using neutrons with ϭ5 Å and frequency resolution ⌬ ϳ30 GHz.
The spectra summed over all scattering angles and scaled with the Bose temperature factor are presented in Fig.  1 . Scattering intensity from D 2 O is much weaker than the one from DNA ͑due to extremely high scattering of H-atoms in DNA͒. It means that the presented spectra reflect essentially the motion of the DNA-molecule. At low temperatures the spectra show an inelastic peak at ϳ1 THz which corresponds to low-frequency vibrations of the DNA molecule. At higher frequencies all spectra fall well on a single curve which show harmonic behavior of the vibrations at this range. At lower frequencies, however, the increase of the quasielastic scattering intensity with temperature reflects strongly anharmonic motion of the molecule ͑some kind of conformational fluctuations͒. The inset in Fig. 1 presents the temperature dependence of the Bose-scaled integrated intensity at low frequencies. It seems to be rather constant below ϳ150 K and increases strongly with temperature above ϳ200 K. Interpolation of the data shows the onset of anhar-monicity for motion of the DNA-molecule at T Ϸ180-200 K. The onset of anharmonicity at this temperature range has been also found for other biomolecules, like myoglobin 1 and dismutase. 6 For more detailed analysis of the anharmonic contribution we present the data as the susceptibility spectra Љ() ϭS()/n B () ͑Fig. 2͒. In this representation relaxation processes are reflected as maxima in the spectra at ϳ(2) Ϫ1 ͑ is a relaxation time͒ and a separation between different processes would appear as a minimum. Indeed, the data presented in Fig. 2 demonstrate a minimum at frequencies below ϳ200 GHz which separates fast dynamics ͑dominates the spectrum at higher frequencies͒ and slow dynamics. In order to analyze the slow process in a broader frequency range we include in Fig. 3 the data obtained with higher resolution (⌬ϳ7 GHz, using neutrons with ϭ9 Å͒. Even at highest temperature, Tϭ325 K, we were not able to resolve the slow process, i.e., the maximum is still inside of the resolution function ͑inset, 3 demonstrates the slope of the spectrum Љ()ϰ Ϫ1 expected for a single exponential relaxation process. The experimentally observed spectrum shows much weaker decay, i.e., the slow process is strongly stretched. Approximating the low frequency end of the spectra by a power law, Љ()ϰ Ϫb , we estimate the exponent bϷ0.24Ϯ0.05 ͑inset, Fig. 3͒ . This result points out that the relaxation processes in DNA have either complicated behavior ͑hierarchy and/or strong coupling͒ or their relaxation times are broadly distributed. Extremely strong stretching is a characteristic feature of relaxation in polymeric systems, where molecular chains have many internal degrees of freedom. In this sense the DNA-molecule, as a biopolymer, is not exceptional.
It was shown 19 that relaxation processes in proteins measured in the time domain can be well approximated by the stretched exponential or Kohlrausch-Williams-Watts ͑KWW͒ decay function, (t)ϰexp͕Ϫ(t/ KWW ) ␤ ͖, with stretching parameter ␤ϭ0.3-0.5. It is interesting to note that the value of the stretching exponent, bϷ0.24, found here for the slow relaxation process in DNA, corresponds to the KWW stretching parameter ␤Ϸ0.37, 20 i.e., it is close to the value found for relaxation processes in proteins.
MCT SCENARIO AND THE DATA ANALYSIS
Now we turn to the analysis of the spectra in the way suggested by the mode coupling theory. MCT predicts that the relaxation in supercooled liquids occurs essentially in two steps; first on very short time scale ͑of the order of picosecond͒ the density-density correlation function ⌽(t) ϭ͗␦(t)␦(0)͘/͗␦(0) 2 ͘ decays to a certain level, and then on a much longer time scale ͑from hundreds of picosecond to microsecond range, depending on temperature͒ a second, primary structural relaxation, the so-called ␣-relaxation, takes place and ⌽(t) decays to the zero level. 10 As a result the susceptibility spectrum should show a minimum between these two processes. MCT predicts that the two processes are not simple exponential decays, they are stretched and have power-law spectral shapes, S Љ()ϰ Ϫb for the high fre-quency tail of the slow process and F Љ()ϰ a for the lowfrequency wing of the fast process. The latter, however, in real glass forming systems is usually modified due to vibrational contributions. 14 According to MCT's scenario at high temperatures the spectrum of the fast process as well as the amplitude and the shape of the slow process should be rather temperature independent, and the characteristic time of the slow process, ␣ , should show strong temperature variations, only. Thus, the susceptibility spectrum of the system at different temperatures can be described by a sum of the slow ͑can be approximated by a Cole-Davidson function͒ and the fast processes
with the single temperature dependent parameter ␣ (T).
Here I S is an amplitude of the slow process. MCT ͑in its idealized version͒ also predicts a critical temperature variation for ␣ ,
where the exponent ␥ is directly related to the exponent b. 10 T C is a crossover temperature where this MCT scenario should break down and below it the spectrum of the fast dynamics becomes temperature dependent. We applied the suggested scenario for analysis of the presented spectra ͑Figs. 2 and 3͒. They indeed show the predicted minimum and the power law spectral shape for the high frequency tail of the slow process. As well as we could not resolve the slow process ͓i.e., we do not see the maximum in Љ(,T)] we simplified its spectral shape in Eq. ͑1͒ by a power law S Љ()ϭ͕ ␣ (T)͖ Ϫb with bϭ0.24 and the single free parameter ␣ (T). The latter, however, can be estimated in some arbitrary units only. So, for a complete description of the experimental spectra one should find the spectrum of the fast process F Љ() which can be kept temperature independent ͓Eq. ͑1͔͒. According to MCT, the lowfrequency tail of the fast process should have a power-law spectral shape, F Љ()ϰ a . Relation between the exponents a and b gives value aϷ0.18 for bϭ0. 24 . It is not possible to identify this tail in the presented spectra because of strong vibrational contribution at high frequencies and the slow process contribution at low frequencies ͑Fig. 2͒. Due to that reason we approximated F Љ() in the frequency range 50-800 GHz by second order polynomial with three free parameters. For their estimation we used an iterations procedure; first, we fitted the spectra at all temperatures in the frequency range 70-800 GHz using Eq. ͑1͒, then, we fixed parameters of the fast spectrum at their average values and repeated the fit using the only free parameter ␣ (T); at the next step we fixed ␣ (T) and repeated the fit with free parameters for the fast spectrum and then fixed them at their average values; after that we repeated the fit using the only free parameter ␣ (T) and, etc. This iteration procedure rapidly converged in the high temperature region. However, we were not able to find any spectrum of F Љ() which could be kept temperature independent below Tϭ236 K. It means that the scenario works down to at least Tϭ236 K, but breaks somewhere above the next temperature point Tϭ211 K. This gives an estimate of T C in the range ϳ215-235 K. The resulting spectrum of the fast process, F Љ(), is shown in Fig. 3 ͑at Ͼ800 GHz it was extended using smoothed spectrum measured at Tϭ138 K). The final fit with the single free parameter ␣ (T) describes reasonably well all spectra in the temperature range 325-236 K ͑Figs. 2 and 3͒.
An important point of the suggested scenario is a possibility to check the obtained temperature variation of ␣ (T); it should follow the expected temperature variation ͓Eq. ͑2͔͒ and the so obtained value of T C should agree with the above estimate. The exponent ␥ can be directly calculated from the value of the exponent b via the transcendent equation, 10 which gives ␥Ϸ4.94 for bϭ0. 24 . Indeed, ␣ (T) Ϫ1/␥ varies rather linear with temperature and results in an estimate of T C Ϸ230 K ͑Fig. 4͒ in a good agreement with the analysis of the spectral shape.
The experimental spectra ͑Fig. 2͒ show, however, nothing specific or critical in the temperature range around T ϭ230 K; the temperature variation of the spectra seems to be monotonous. This situation is similar to that observed for glass forming systems and is the main objection against the MCT's scenario. The latter predicts qualitative changes for the temperature variation of the spectra at T c . In order to test that prediction without any model assumption we analyzed differences between the susceptibility spectra, ⌬Љ(), measured above and below 236 K. The analysis ͑Fig. 5͒, indeed, shows a qualitative change of the differential spectral shape around 230 K: ⌬Љ() has the same shape in the temperature range 297-236 K, which differs qualitatively from ⌬Љ() in the range 236-138 K. Moreover, the shape of ⌬Љ() at high temperatures is similar to the shape of the high frequency wing of the slow process, ⌬Љ()ϰ Ϫ0.24 ͑Fig. 5͒. The latter agrees, at least qualitatively, with the MCT's scenario that the main variation of the susceptibility spectrum at high temperatures is a shift of the slow process, whereas below T c also the spectrum of the fast dynamics shows significant variations. This analysis clearly demonstrates that there are two temperature ranges, above and below ϳ230 K, where dynamics show different temperature variations.
DISCUSSION
Very often neutron and light scattering spectra of biomolecules are described by a sum of a few Lorentzians. Parameters of these Lorentzians depend on the resolution function of the spectrometer, etc. 22 Many authors try to ascribe every Lorentzian to some specific motion of the biomolecule. However, the presented here results clearly demonstrate stretched relaxation spectra in a broad frequency range. These spectra can not be described just by a sum of a few Lorentzians; one should assume either a broad distribution of relaxation processes or nonexponential relaxation.
One particular description of the nonexponential relaxation in liquids is suggested by the mode-coupling theory. As it is shown above the scenario suggested by MCT describes reasonably well the spectrum of DNA and its temperature variations. This fact by itself is rather surprising because MCT was developed originally for simple liquids. However, the suggested scenario at least on a qualitative level was found to be a good approximation for spectra of different glass forming liquids [11] [12] [13] [14] [15] and also describes well the spectra of supercooled water. 17 The presented results together with the results published previously for myoglobin 1 show that the dynamics of these complicated biomolecules can be also described using basic physical ideas.
The presented analysis shows an existence of two characteristic temperatures for the dynamics of DNA. ͑i͒ Onset of anharmonicity which clearly happens somewhere below 210 K ͑Fig. 2͒, most probably around Tϳ180-200 K ͑inset Fig.  1͒ . This onset of anharmonicity is usually interpreted for the glass forming systems as a sign of T g and is consistent with estimates of T g for proteins. [6] [7] [8] [9] 21 ͑ii͒ Some dynamic transition at Tϳ230 K which we ascribe to the MCT's crossover temperature T c . The presented analysis ͑Figs. 2-5͒ clearly demonstrates that the crossover in dynamics appears at temperatures significantly higher than the onset of anharmonicity. We want to stress that the dynamic transition just in the temperature range between 180 K and 230 K has been ob- ϪЉ(,T 2 ): T 1 ϭ275 K and T 2 ϭ255 K ͑᭝͒; T 1 ϭ255 K and T 2 ϭ236 K ͑᭺͒; T 1 ϭ297 K and T 2 ϭ236 K ͑solid line, the intensity is scaled by a factor 0.25͒; T 1 ϭ236 K and T 2 ϭ211 K ͑ᮀ͒; T 1 ϭ236 K and T 2 ϭ138 K ͑*, the intensity is scaled by a factor 0.6͒. The dashed line shows ⌬Љ()ϰ Ϫ0.24 . served using different experimental techniques for variety of biological macromolecules. 3, [6] [7] [8] [9] 21, 22 Based on our results one can speculate that this is the transition range between T g and T c and it appears to be similar for many biomolecules. The crossover temperature obtained for DNA is also close to the characteristic temperature below which functions of biomolecules slow down significantly. For example, it was found that crystalline ribonuclease A loses function just below 220 K, 23 a function of bacteriorhodopsin slows down significantly around 200 K, 24 and efficiency of the photoinduced electron transfer drops down below ϳ230 K. 5 According to modern ideas the dynamics of the glass forming liquids below T C is controlled by the potential energy landscape which does not play an important role at higher temperatures. [25] [26] [27] It means that below T C the system is trapped in some local minimums of the potential and cannot reach all points of the phase space within a reasonably short time ͑some nonergodic states develop at short times͒. This localization in phase space blocks chemical reactions, diffusion, and other processes which require a few different states. In the case of biomolecules this scenario explains why their functions slow down significantly just below this temperature range. For example, it is known that the binding process of CO to myoglobin or hemoglobin requires a few different states. Below T c the system cannot easily reach all of them. As a result some concurrent processes, which have negligible influence at higher temperatures, can become important below T c and finally disable the function of the molecule.
The estimated crossover temperature appears to be very close to the critical temperature of water ͑see, Fig. 4͒ which leads us to speculate about the role of hydration in critical dynamics and functions of biomolecules. That is, the hydration shell has critical behavior in the dynamics at T Ϸ210-230 K and the motion of biomolecules is coupled to the surrounding water. As a result the hydration shell hinders the motion of macromolecules and suppresses their functions. This suggestion agrees with the analysis of dynamics of hydration water in protein, 28 where it was found that below 230 K all the diffusion motions of water molecules appear to be frozen. Also a comparison of dry and hydrated bacteriorhodopsin demonstrated that only the hydrated sample shows a strong change in the dynamics at T Ϸ230 K. 3 Thus we expect that a decrease of the level of hydration should suppress the dynamic transition observed in DNA at TϷ230 K. These speculations also agree with the recent experiments on chemical reaction kinetics in myoglobin and hemoglobin in different water/glycerol and trehalose solutions. [29] [30] [31] Results of these investigations showed that the viscosity of the solvent plays a major role in the slowing down of the chemical reaction kinetics and properties of the proteins play a secondary role, only.
In that sense it is interesting to speculate that T c , where the first temporary limitation of the phase space happens, can be important for suppression of the functions. For most of the biological molecules this temporary delay is enough to hinder the biochemical processes. Thus it would be important to find a way of controlled shift of the crossover temperature. It can serve for preservation of the biomolecules in different conditions, the problem that is now important in pharmaceutical industry. One of the ways is already actively discussed in the literature and is under different tests in laboratories; ''putting proteins under glass.'' [30] [31] [32] It was demonstrated that one could suppress the biochemical reactions already at room temperature putting the proteins in sugar surroundings. It would be important to continue investigations along this line in order to check an influence of the hydration level and other solvents including sugars on critical dynamics of biomolecules, whether or not T C can be shifted in that way and whether or not the process of biomolecule stabilization can be understand in the framework of these physical ideas.
